Introduction: Our recent studies have indicated that acetylcholine (ACh) protects
Introduction
Studies investigating the effects of vagal nerve stimulation (VS) on heart failure have suggested VS as a candidate for a therapeutic modality in heart failure because VS suppresses infarction-induced fatal arrhythmia and progression of ventricular remodeling [1, 2] . However, the precise mechanisms remain to be fully elucidated.
To further investigate the underlying mechanisms of the VS effects, we have focused on disclosing the pleiotrophic effects of acetylcholine (ACh) and revealed that ACh prevents cardiomyocytes from persistent hypoxia-induced cell death, and have ultimately presented a new concept regarding ACh as a trophic factor. Our recent study demonstrated that ACh directly transduces cell survival signal through the muscarinic receptor, activates the PI3K/Akt/HIF-1 /VEGF pathway, inhibits collapse of mitochondrial membrane potential, and inactivates caspase-3 in cardiomyocytes subjected to hypoxia [3] . Because both survival and angiogenic pathways share common signaling molecules through HIF-1 /VEGF, these results prompted us to speculate the involvement of ACh in modulation of angiogenesis.
Furthermore, ACh transduces signals through nitric oxide (NO) production, and NO plays a key role in angiogenesis [4] [5] [6] [7] [8] . Specifically, according to our previous study, the NO donor S-nitroso-N-acetylpenicillamine activates the PI3K/Akt/HIF-1 pathway to increase VEGF expression in cardiomyocytes, and VEGF derived from cardiomyocytes accelerates tube formation in human umbilical endothelial cells (HUVECs), i.e., in vitro angiogenesis [4] .
In contrast to these positive results, few in vivo studies have demonstrated the effects of systemically administered ACh because of its severe side effects including induction of bronchospasm and airway mucus hypersecretion. To circumvent this, we used donepezil, an acetylcholinesterase inhibitor and anti-Alzheimer's drug, that elevates local levels of ACh without such adverse effects [9, 10] . In addition, we tested the effect of donepezil in a murine hindlimb ischemia model. To extensively investigate the effect of donepezil, we used 7 nicotinic receptor-deleted mice ( 7 KO) suffering from impaired angiogenesis with characteristic mechanisms [11] [12] [13] . In the present study, we demonstrated a novel effect of donepezil on angiogenesis, i.e., acceleration of angiogenesis.
Materials and Methods

Murine hindlimb ischemia model and donepezil administration
Male C57BL6/J mice (WT) (n = 45) and 7 KO (n = 26) aged 10 -12 weeks were used. After anesthesia with pentobarbital sodium (30 mg/kg), the left femoral artery was completely ligated at its proximal end. Ligation was verified to be successful by pallor of the left foot. Donepezil (5 mg/kg/day) dissolved in drinking water (50 mg/L) was orally administered ad lib for 4 weeks. This dose was initially determined to clearly show the expected effects without producing adverse effects in the mice.
To investigate the involvement of cholinergic receptors on the effects of donepezil in terms of angiogenesis in vivo and to compare it with WT treated with donepezil alone, further donepezil-treated WT were divided into 3 subgroups (n = 6 -9 in each group) receiving one of the following treatments for 4 weeks: (a) -bungarotoxin (14 g/kg/day by i.m. on the flank), (b) mecamylamine (2.1 mg/kg/day i.m. on the flank), and (c) atropine (5 mg/kg/day p.o.) [14] . Another experimental study was conducted on 7 KO with a lower dose (0.083 mg/kg/day) using the same experimental schedule (n = 9). This lower dose was comparable with that prescribed for patients. At the end of the treatment period, the heart and quadriceps femoris muscle were excised for experiments.
Our preliminary study verified that even higher dose of donepezil, 5 mg/kg/day, does not downregulate heart rate or blood pressure.
Angiography using indocyanine green dye
To functionally evaluate the effects of donepezil on murine angiogenesis, angiography was performed using indocyanine green (ICG) (Sigma-Aldrich, St. Louis, MO, USA), which clearly visualize tissue perfusion in the hindlimb. After anesthesia with pentobarbital sodium, both lower extremities were shaved. The field was illuminated by a LED-fluorescence imaging device, and ICG was administered intravenously (0.3 mg/kg). After a bolus ICG injection, real-time imaging analysis was performed using an infrared camera, and recorded with a digital camcorder for an optimized time. Our preliminary studies identified that ICG angiography in the hindlimbs initially revealed an angiogram, followed by a perfusion phase, when the fluorescence signals in the perfused tissue were simultaneously and homogeneously increased in both hindlimbs. After recording, the fluorescence intensity in the hindlimb was evaluated. Therefore, to evaluate perfusion in an ischemic hindlimb, the interested regions were selected from both right and left hindlimbs. The fluorescence signals of the left hindlimb in the perfusion phase were compared with those of the right, using NIH image software, and it revealed laterality in the ICG signal intensity. The time when the signal difference between the right and left was extremely evident was selected.
Evaluation of the relative blood flow using fluorescent microspheres
According to previous studies using fluorescent microspheres [15, 16] , we evaluated the relative blood flow between the left and right hindlimbs in mice. Briefly, after anesthesia, 200 L of green FluoSphere fluorescent microspheres (15 m, Molecular Probes, Invitrogen, Carlsbad, CA, USA) were administered within 1 min, followed by immediate sampling of blood and bilateral quadriceps femoris muscles. These samples were weighed accurately and incubated in 4 M KOH containing 2% of Tween 80 at 70ºC for 24 h. After measuring the fluorescence, the ratio of the fluorescence between the left and right hindlimbs, corrected by the tissue weight, was compared.
Thermography
One day after surgery, an initial temperature evaluation was performed in the hindlimbs using infrared thermography (MobIR M4 Thermal Camera, Wuhan Guide Infrared Technology Co., Ltd. China). The skin temperature of the mice under anesthesia was measured 3 times. Thereafter, for each mouse, temperature was evaluated 3 times by thermography during 4 weeks. The temperature distribution in the hindlimbs was compared between donepezil-treated and untreated mice, and standardized by each non-ligated hindlimb as a reference. The laterality in temperature, represented by the ratio between the left and right hindlimb temperature, was evaluated.
Immunohistochemistry
The heart and quadriceps femoris muscle were excised and fixed in 4% paraformaldehyde. Some muscle samples were routinely processed, paraffin-embedded, cut into 4 μm sections, and stained with hematoxylin and eosin. The number of nuclei in capillary-like structures per HPF were counted in randomly selected fields (9 fields per section). Other samples were used for immunohistochemical study using the Ventana automated immunohistochemistry system (Discovery TM, Ventana Medical System, Inc., Tucson, AZ, USA). Antigen retrieval was performed for 60 min in a preheated Dako Target Retrieval Solution (pH 6.0) using a microwave, followed by inhibition of intrinsic peroxidase, blocking, and the reaction with a primary antibody. VEGF and PCNA immunoreactivities were identified using a polyclonal anti-VEGF antibody at 
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from cells, and total RNA (1 g) was reverse-transcribed to obtain single-stranded cDNA using a kit. Specific human cholinergic receptor primers were designed according to previous studies [17, 18] . PCR amplification was performed 
MTT activity
To evaluate HUVEC proliferation, we measured the reduction activity of
One hour before sampling, MTT reagents (10 L) were added to the culture medium (100 L), incubated, and the absorbance at 450 nm was measured (Cell Counting Kit-8; Dojindo, Kumamoto, Japan), according to the manufacturer's protocol.
Caspase 3/7 activity
According to the manufacturer's protocol (Promega, Madison, WI, USA), HUVECs treated with or without donepezil were cultured with an equal volume of Caspase-Glo 3/7 reagent for 3 h, followed by measuring the luminescence of each sample using the luminometer manufacturer's protocol.
Statistical analysis
The data are presented as means S.E. The mean values between the 2 groups were compared using the unpaired Student's t-test. Differences among data for the in vitro studies were assessed by the Kruskal-Wallis test for multiple comparisons, followed by Scheffe's post-hoc test. Differences were considered significant at P < 0.05.
Results
Donepezil activates angiogenic signals and accelerates tube formation in vitro.
Donepezil transduces angiogenic signals. In the normoxic condition, donepezil ( 
Donepezil promotes angiogenesis and suppresses ischemia-induced muscular atrophy in a murine hindlimb ischemia model
In untreated WT, muscular atrophy of the left quadriceps femoris muscle was evident within 4 weeks after hindlimb ischemia due to femoral artery ligation (Figure 2A , arrowheads in the left panel). The temperature in the left ischemic limb increased gradually during the follow-up; however, it did not comparably recover to the level of the contralateral hindlimb ( Figure 2B ). The ratio of skin temperature in the left hindlimb to that in the right hindlimb, the laterality in temperature, decreased to 0.50 0.04 soon after ligation, followed by an elevation to 0.81 0.02. In contrast, donepezil-treated mice did not suffer from severe muscular atrophy ( Figure 2A ). The weight ratio of the left hindlimb to the right was 1.02 0.04 (P < 0.05, n = 10) in donepezil-treated mice, compared with 0.85 0.01 (n = 10) in control untreated mice (Figure 2A) . Furthermore, the laterality of temperature increased to 0.95 0.01 with donepezil treatment (P < 0.01 vs. control) ( Figure 2B ). A pathological study revealed that, compared to untreated muscle (left in control, Figure 2C ), the number of nuclei in treated muscle increased along with more capillary-like structures ( Figure 2C ). The number of nuclei per field in the donepezil-treated left hindlimb increased significantly compared to that in non-treated and ischemic hindlimbs (17.8 1.4 vs. 8.6 0.9, P < 0.01, n = 9). The immunohistochemical study showed that cells positive for VEGF immunoreactivity were sparsely detected in the control. In contrast, dense VEGF signals were detected in the donepezil-treated muscle coincidence with small capillaries ( Figure 2C ). Western blot analysis showed that the expression of both HIF-1 (318.4 29.9 vs. 100.0 6.7 in the control, P < 0.01, n = 9) and VEGF (144.5 2.9 vs. 99.8 9.9 in the control, P < 0.01, n = 9) in the left hindlimbs from donepezil-treated mice were higher than that in the left hindlimbs from the control ( Figure 2C ).
These effects of donepezil were also evaluated using -bungarotoxin, mecamylamine, and atropine ( Figure 2D ). VEGF protein expression in the left hindlimb was elevated by donepezil (P < 0.05); however, donepezil treatment combined with -bungarotoxin did not suppress VEGF expression. Mecamylamine and atropine showed a trend toward reduced VEGF expression, but could not diminish it completely (not significant vs. donepezil). Similarly, PCNA expression was elevated by donepezil (P < 0.01), the level of which was not diminished by -bungarotoxin (P < 0.05); however, mecamylamine (P < 0.05 vs. donepezil) and atropine (P < 0.01 vs. donepezil) blunted PCNA expression.
The VEGF and PCNA immunoreactive signals were especially localized at endothelial cells ( Figure 2E ). Endothelial cells with both VEGF-and PCNA-positive signals were evident in left hindlimbs of donepezil-treated mice, compared to that in controls. The protein level of cleaved caspase-3, an indicator of caspase-3 activation, was drastically reduced by donepezil (P < 0.05), but was not affected by -bungarotoxin, mecamylamine or atropine (not significant vs. donepezil). Furthermore, the laterality of temperature sustained by donepezil did not diminish with each antagonist (P < 0.01 vs.
control, but not significant vs. donepezil) ( Figure 2F ). These results suggest that donepezil activates angiogenesis in a hindlimb ischemia model with upregulated angiogenic factors, enhanced proliferation, inhibition of apoptosis, and suppressed ischemia-induced muscular atrophy; however, partly not through already known cholinergic receptors.
Angiography with ICG revealed a marked increase in perfusion with donepezil treatment, which was comparable to the non-ischemic contralateral limb (1.08 0.6 and 1.00 0.84 vs. 0.74 0.27, P < 0.01). Furthermore, a blood flow assay using fluorescent microspheres revealed that donepezil enhanced blood flow recovery (124.9 15.8 in donepezil vs. 59.0 12.2 in control, P < 0.05, n = 5 in each) ( Figure 2G ), suggesting that donepezil functionally recovered tissue perfusion in the ischemic hindlimb.
Donepezil accelerates angiogenesis even in 7 KO with hindlimb ischemia
Previous reports using 7 KO indicated that a nicotinic receptor is responsible for angiogenesis [11] [12] [13] . Therefore, to investigate whether the angiogenic effects of donepezil are mediated through 7 nicotinic receptors, we studied the effects of donepezil on peripheral limb ischemia using these mice. Compared with control untreated 7 KO (0.93 0.02, n = 13), donepezil-treated 7 KO surprisingly attenuated ischemia-induced muscular atrophy with a leg-weight ratio of 1.01 0.04 (P < 0.01, n = 13) ( Figure 3A) . ICG angiography revealed that tissue perfusion in the left hidlimb was however, treatment with donepezil elevated the ratio to 0.98 0.02 even in 7 KO (P < 0.01).
The lower dose of donepezil, 0.083 mg/kg/day, which is comparable to that used in clinical settings, was also effective for accelerating in vivo angiogenesis (the laterality in temperature 0.96 0.04, P < 0.01) ( Figure 3E ). Taken with the in vivo data using -bungarotoxin, these results also suggest that donepezil rescues ischemic hindlimbs independent of the 7 nicotinic receptor.
Donepezil augments VEGF expression in the heart and ChAT protein expression in endothelial cells
In addition to the ischemic hindlimbs, donepezil also enhanced VEGF signals in the WT heart, compared to untreated WT ( Figure 4A HUVECs were treated with 1 M donepezil to study whether donepezil modulates ACh synthesis in endothelial cells. Donepezil elevated choline acetyltransferase (ChAT) protein expression in HUVECs (248.2 3.1% vs. 100.0 11.0% in control, P < 0.01) ( Figure 4C ). Because ChAT is a crucial enzyme for ACh synthesis, this suggests that donepezil regulates ACh level in endothelial cells. During treatment with donepezil, cholinergic receptor mRNAs in HUVECs were also upregulated. RT-PCR showed that m2, 4, and 7 mRNA expression were increased by donepezil, compared with 3 and GAPDH mRNA expression ( Figure 4D ). Furthermore, in HUVECs treated with donepezil for 24 h, caspase 3/7 activity was suppressed when apoptosis was induced by growth factor withdrawal (69.3 3.8 % vs. control, P < 0.01, n = 6) ( Figure 4E ). In contrast, donepezil showed only a trend toward increased MTT activity. Taken with the in vivo results, these in vitro data suggest that donepezil plays a role in inhibiting apoptosis and accelerating proliferation.
Discussion
The present study indicates 2 novel and critical points involved in an angiogenesis regulating system. First, ACh possessed angiogenic effects on endothelial cells, with increased HIF-1 expression, followed by elevated VEGF expression and accelerated tube formation, suggesting that ACh modulates intrinsic angiogenesis-responsible machinery in endothelial cells. Second, donepezil enhanced angiogenesis by activating the similar machinery. Specifically, donepezil activated protein expression of VEGF and ChAT, a critical enzyme for de novo ACh synthesis, accelerated endothelial cell proliferation, and inhibited apoptosis, partly independent of cholinergic receptors. These results suggest that donepezil regulates angiogenesis through a non-hypoxic HIF-1 induction pathway, which might be triggered by increased ACh [3, 4] . Donepezil was developed to treat patients with Alzheimer's disease as an acetylcholinesterase inhibitor [12, 13] . Donepezil prevents neurons from apoptosis and degeneration [19] [20] [21] [22] and improves cognitive abilities in patients with Alzheimer's disease [23] [24] [25] . However, only few studies have focused on the angiogenesis accelerating effects of donepezil [26] . Thus, the present study suggests a novel mechanism by which donepezil improves cognitive performance in these patients through acceleration of angiogenesis.
Our previous study demonstrated that ACh triggers a cell survival signal pathway and transactivates HIF-1 -regulated downstream genes, preventing cells from hypoxia-induced apoptosis [3] . This prompted us to speculate that cholinergic stimuli also possess angiogenesis-promoting effects. ACh clearly promoted angiogenesis and acceleration of tube formation; however, it is quite difficult to apply ACh directly to an in vivo model, because ACh evokes life threatening side effects, i.e., bronchospasm, enhanced secretion, and diarrhea [27, 28] . Therefore, instead of ACh, we selected donepezil, which is globally used in clinical settings without side effects and has been demonstrated to increase tissue ACh levels [9, 10, 21] . As expected, donepezil promoted angiogenesis in vitro and concomitantly activated the HIF-1 /VEGF pathway. These effects of donepezil were also confirmed in vivo. Orally administered donepezil In this study, we used 7 KO to evaluate the in vivo angiogenic effects of donepezil.
The studies by Cooke JP et al. utilizing 7 KO indicated that nicotine plays a crucial role in angiogenesis [11] [12] [13] . They demonstrated an impaired angiogenic effect of nicotine in 7 KO [12] . However, except for the 7 nicotinic receptor, there have been no studies investigating the role of cholinergic receptors involved in angiogenesis. Only 7 KO are available for angiogenesis studies; therefore, we selected them for the present study. Our results partially contrasted with Cooke's in vitro studies because the ACh effects were moderately blocked by both -bungarotoxin and atropine, suggesting that the effects of ACh are mediated by 2 receptors, i.e., a nicotinic receptor and a muscarinic receptor. This discrepancy might be derived from different HUVEC sources used in the studies. We investigated the effects of donepezil using 7 KO expecting that the angiogenic effects of donepezil would be blunted. However, donepezil exhibited the angiogenesis-accelerating effect even in 7 KO. This result was also compatible with that of WT treated with donepezil and -bungarotoxin. Taken with the WT results, this suggests that donepezil directly activates the angiogenic machinery and proliferation potency in endothelial cells, leading to inhibition of apoptosis, independent of 7 nicotinic receptors.
Because donepezil not only inhibits acetylcholinesterase but also upregulates ChAT, it was expected that the intracellular ACh level might be increased. However, even using HPLC, ACh levels could not be detected in endothelial cells, although we have thus far succeeded in measuring intracellular ACh levels of other cells, such as HEK293 cells, H9c2 cells, and primary rat cardiomyocytes [29] . This does not exclude the possibility that endothelial cells cannot synthesize ACh. As shown in this study, expression of other subtypes of cholinergic receptors, such as m2, 4, and 7, was upregulated by donepezil. This effect might also contribute to accelerated angiogenesis in 7 KO. The effects of donepezil on in vivo angiogenesis were also observed with a low dose, which is compatible with a clinical setting. Our preliminary study has already confirmed that a high dose of donepezil has no significant effects on murine heart rate or blood pressure.
Therefore, it is suggested that low dose donepezil exerts angiogenic effect independent of hemodynamic effects.
Kawashima and Wessler [30, 31] speculated that non-neuronal and non-central cells synthesize ACh. Our recent study has demonstrated for the first time that cardiomyocytes also possess the intracellular ACh synthesis system, which is transcriptionally activated in a positive feedback manner, and donepezil also elevates ACh level in cardiomyocytes, which was partly independent of muscarinic receptors [29] . These findings also suggest that donepezil exerts its own effects partly independent of cholinergic receptors. On the basis of previous studies by Cooke, who did not clearly mention an ACh source, together with our recent study [29] , it is suggested that systemically administered donepezil modulates ACh levels in various cells through a cholinergic receptor-dependent or -independent manner, and ACh derived from such cells might play a key role in angiogenesis.
Although donepezil is an acetylcholinesterase inhibitor, a lack of information on its receptor and action mechanisms makes our results difficult to interpret. Therefore, it is speculated that other mechanisms, i.e., a pathway other than acetylcholinesterase inhibition, might be involved in the angiogenesis-accelerating effects, and donepezil might directly bind to endothelial cell receptors not yet identified. This remains to be clarified.
In conclusion, we have presented a novel concept that donepezil possesses angiogenic properties through enhanced proliferation, increased angiogenic factor expression, and inhibition of apoptosis. 
